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that were not directly involved in exo/endo cycling were
not labeled with FM1-43 because the dye was loaded
in nerve terminals by endocytosis coupled with exo-
cytosis.
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Japan exocytosis is intact but endocytosis is blocked at non-
permissive temperature (.298C), and nerve terminals
are completely depleted of synaptic vesiclesafter stimu-
lation at 348C. When the temperature is lowered to 228CSummary
(permissive temperature), endocytosis resumes and nerve
terminals are refilled with synaptic vesicles (Poodry andIn a temperature-sensitive Drosophila mutant, shibire,
Edgar, 1979; Koenig et al., 1983). This mutant gave ussynaptic vesicles are completely depleted in nerve ter-
a unique opportunity to deplete all synaptic vesicles andminals after stimulation at 348C, but upon returning
to load the terminal bouton with FM1-43 by exposingto 228C, endocytosis resumes. In this study, synaptic
nerve terminals to the dye during reformation of vesiclesvesicles in the boutons of nerve terminals at the mu-
at 228C after depletion at 348C.tant neuromuscular junction were loaded with a fluo-
In this study, using primarily shibirets1 (shits1), we pre-rescent dye, FM1-43, during vesicle reformation at 228C
sent evidence that there are two functionally and topo-after complete depletion at 348C.We found two distinct
graphically distinct pools of synaptic vesicles, namelypools of synaptic vesicles, namely an exo/endocycling
exo/endo cycling and reserve pools, and suggest thatpool, located in the periphery of the bouton, and a
filamentous actin is required for the reserve pool, whichreserve pool, located in its center. Cytochalasin D
plays a crucial role in sustaining high frequency trans-treatment eliminated the reserve pool and reduced
mission. A part of these results has been reported else-synaptic transmission evoked by high frequency stim-
where in a preliminary form (Kuromi and Kidokoro, 1997).ulation. Thus, the reserve pool may play a crucial role
for sustaining high frequency synaptic transmission.
Results
Introduction
Activity-Dependent and Depletion-Reformation
Among cellular secretory systems, the nerve terminal is Loading of FM1-43 into Synaptic Vesicles
unique in its capability for sustained release of vesicular We used two methods to load synaptic vesicles with a
contents in response to high rate stimulation. One mech- fluorescent dye, FM1-43. One method, termed activity-
anism for this characteristic capability is rapid local re- dependent loading, was to load synaptic vesicles with
cycling of synaptic vesicles. Recycling of synaptic vesi- the dye in high K1 saline at 228C. Figure 1A-1 is a fluores-
cles can be studied by the use of a fluorescent dye, cence image of synapses thus treated. When these ter-
FM1-43 (Betz and Bewick, 1992; Betz et al., 1992). FM1- minals were stimulated again with high K1 saline at 228C,
43 is taken up in synaptic vesicles by endocytosis and virtually all fluorescent spots disappeared (Figure 1A-2,
released by exocytosis (Henkel et al., 1996). Through complete destaining). The second method, termed de-
the use of this dye, it has been shown that endocytosed pletion-reformation loading, was to load synaptic vesi-
vesicles become reavailable for exocytosis within 1 min cles by exposing them to FM1-43 in normal medium at
at frog nerve terminals (Betz and Bewick, 1992) and 30 228C after depletion of synaptic vesicles by stimulation
s atcultured rat hippocampalneurons (Ryan et al., 1993). with high K1 saline at 348C (Figures 1B-1 and 1C-1). In
Another possible mechanism for sustaining high fre- contrast to activity-dependent loading, some fluores-
quency release of transmitter might be the supply of cence acquired by depletion-reformation loading re-
synaptic vesicles from a reserve pool. There is ample mained even after high K1 stimulation at 228C (Figure
evidence in biochemical, electrophysiological, electron 1B-2, partial destaining). This remaining fluorescence
microscopical, and immunocytological studies suggest- disappeared after subsequent high K1 stimulation at
ing the existence of a synaptic vesicle population that 348C (Figure 1B-3, complete destaining). If preparations
is not directly involved in exo/endo cycling. This vesicle that had been stained by depletion-reformation loading
population has been implicated as a reservoir to sustain were stimulated by high K1 saline at 348C without pre-
high frequency release of transmitter (Birks and MacIn- stimulation at 228C, almost all fluorescence disappeared
tosh, 1961; Zimmermann and Denston, 1977; Zimmer- (Figure 1C-2).
mann and Whittaker, 1977; Giompres et al., 1981; Ewing Quantitative measurements of FM1-43 fluorescence
et al., 1983; AÂ goston et al., 1985; Prado et al., 1992; in the boutons of nerve terminals of shits1 confirmed
Kristensen et al., 1994). Betz and Bewick (1992) noted the qualitative results shown in Figure 1 (Figure 2). The
that recycled vesicles mixed randomly morphologically fluorescence intensity of boutons after depletion-refor-
as well as functionally with vesicles in the pool in the frog mation loading was much higher than that of boutons
neuromuscular junction. In this case, however, vesicles after activity-dependent loading (Figure 2, compare 2B
and 2C with 2A). The boutons stained by activity-depen-
dent loading destained by 94% 6 4.3% (mean 6 SEM,*To whom correspondence should be addressed.
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Figure 1. FM1-43 Staining of Drosophila Nerve Terminals by Activity-Dependent and Depletion-Reformation Loading and the Effect of High
K1 Stimulation at 228C and at 348C
(A) The shits1 preparation was incubated at 228C for 5 min in high K1 saline containing 10 mM FM1-43 and then washed with Ca21-free saline
for 15 min and viewed (A-1) (activity-dependent loading). The stained preparation was stimulated at 228C for 5 min by high K1 saline (A-2).
(B and C) The shits1 preparations were first stimulated at 348C for 10 min by high K1 saline to deplete vesicles in the nerve terminals and then
incubated at 228C for 15 min in normal medium containing 10 mM FM1-43, washed with Ca21-free saline for 15 min, and viewed ([B-1] and
[C-1]) (depletion-reformation loading). In (B), the stained preparation was stimulated at 228C for 5 min by high K1 saline (B-2) and then
stimulated at 348C for 5 min by high K1 saline (B-3). In (C), the stained preparation was stimulated at 348C for 5 min by high K1 saline, without
prestimulation at 228C (C-2).
n 5 6; Figure 2A) after high K1 stimulation at 228C, preparations loaded with the dye in high K1 saline at
228C and at 348C (Figures 2F and 2G).whereas those stained by depletion-reformation loading
destained by 51% 6 3.7% (n 5 7; Figure 2B). The same
results were also obtained in another allelic mutant, Topographic Features of FM1-43 Fluorescence
in Single Boutonsshibirets2 (shits2) (Figures 2D and 2E), suggesting that
these phenomena were due to the mutation at the shi To know topographic features of FM1-43 fluorescence
fractions in boutons, we examined staining patterns offocus and not at an undefined locus elsewhere in the
genome. The fluorescence resistant to high K1 stimula-
tion at 228C was greatly reduced by subsequent high K1
stimulation at 348C (Figure 2B). Furthermore, the FM1-43
fluorescence loaded in boutons by depletion-reforma-
tion loading was greatly reduced after high K1 stimula-
tion at 348C (Figure 2C). These results suggest that the
FM1-43 fluorescence resistant to high K1 stimulation at
228C was not incorporated into an unreleasable cyto-
plasm or endosome compartment but into another vesi-
cle fraction releasable under certain conditions. Thus,
FM1-43 fluorescence in a bouton labeled by depletion-
reformation loading consisted of two fractions. For the
remainder of this paper, we will refer the first FM1-43
fluorescence fraction (destained by high K1 stimulation
at 228C) as the readily releasable fraction and the second
Figure 2. FM1-43 Fluorescence Intensities in Boutons
one (not destained by high K1 stimulation at 228C but
The ordinate shows FM1-43 fluorescence intensities in boutonsdestained by the stimulation at 348C) as the reserve
stained by activity-dependent ([A] and [D]) and depletion-reforma-
fraction. Since recycling of synaptic vesicles is blocked tion ([B], [C], and [E]) loading in shits1 ([A] through [C]) and shits2 ([D]
at 348C in shi, it seems that vesicles in the reserve frac- and [E]) mutants. Wild-type larvae (Canton S) were also stained with
FM1-43 by exposure for 5 min to high K1 saline containing 10 mMtion participate in the exocytosis only when the readily
FM1-43 at 228C (F) and at 348C (G). The pixel values of the upperreleasable fraction is depleted. It may be argued that the
ends of the open, shaded, and closed columns are the fluorescenceresults obtained by activity-dependent and depletion-
intensities of the boutons measured before stimulation, after highreformation loading came from a temperature effect.
K1 stimulation at 228C, and after high K1 stimulation at 328C, respec-
However, in wild-type larvae (Canton S) in which vesicle tively. The preparation was stimulated with high K1 saline at 348C
recycling is normal at 348C, there was no difference in without prestimulation at 228C (C). Vertical bars are SEM. The num-
bers in the columns are the number of preparations examined.FM1-43 loading and unloading of the boutons between
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Figure 3. Typical Distribution of FM1-43 Flu-
orescence within Single Boutons Stained by
Various Loading Procedures
In the presence of FM1-43, nerves of shits1
were stimulated at 228C for 5 min by incuba-
tion in high K1 saline (A) orby electrical stimu-
lation at 10 Hz using a suction electrode (B)
and then washed. Nontreated (C) and cyto-
chalasin D±pretreated (10 mM for 40 min, [D])
preparations of shits1 were stimulated at 348C
for 10 min by high K1 saline, incubated at
228C for 15 min in normal medium containing
FM1-43, and washed. In (E) the shits1 prepara-
tion was incubated at 228C in high K1 saline
containing FM1-43, washed (E-1), and stimu-
lated by high K1 saline at 228C (E-2). The
same preparation was incubated at 348C for
10 min by high K1 saline, incubated at 228C
for 15 min in normal medium containing FM1-
43, and washed (E-3). The stained prepara-
tion was stimulated by high K1 saline at 228C
(E-4). Scale bar, 5 mm ([A] through [D]) and
10 mm (E).
single boutons at higher magnification. When boutons using a protocol illustrated in Figure 5A-a. The amount
were stained by activity-dependent loading, as shown of dye taken up at different times after the start of re-
in Figure 3A, ring-shaped fluorescence patterns were covery of endocytosis was determined by presenting
observed. Ring-shaped fluorescence staining of bou- FM1-43 after a variable delay time, such that vesicles
tons was also observed when preparations were loaded undergoing endocytosis during the variable delay period
with FM1-43 by electrical nerve stimulation in the pres- escape labeling while vesicles retrieved after the delay
ence of the dye (Figure 3B). On the other hand, when are labeled. The total amount of FM1-43 taken up into
boutons were stained by depletion-reformation loading, the readily releasable plus reserve fractions decreased
compact fluorescence patterns that appeared to fill an with the delay time of loading and was about zero at 15
entire part of the bouton were observed (Figure 3C). min (Figure 5A-b). This indicates that the reformation
These staining patterns were not observed in boutons process of vesicle endocytosis lasted for z15 min. From
with diameters of .3 mm stained by activity-dependent the data in Figure 5A-b, we calculated the rate at which
loading at 228C. Figure 3E shows a series of fluores- each fraction was incorporated with FM1-43 during re-
cence images of identified boutons. The preparation covery (Figure 5A-c). Figure 5A-c shows that FM1-43 is
was first stained with FM1-43 by activity-dependent taken up preferentially into the readily releasable frac-
loading (Figure 3E-1). The lack of fluorescence staining tion in the earlier period of recovery and incorporated
was observed in the central part of the boutons as de- into the reserve fraction in the later period. This is sup-
scribed above. High K1 stimulation at 228C resulted in
ported by the observations that the periphery of the
the disappearance of all fluorescence spots (Figure
boutons was preferentially stained with the dye in the
3E-2). The same preparation was again stained with the
earlier period of recovery (Figure 5B-a) and in the laterdye by depletion-reformation loading (Figure 3E-3). The
period the center was stained (Figure 5B-b).solid fluorescence staining of the boutons was ob-
served. Figure 3E-4 shows the same area in Figure 3E-3
Effects of Cytochalasin D, Colchicine, or Nocodazoleafter high K1 stimulation at 228C. Note that the fluores-
on the Two Vesicle Fractionscence in the peripheral part of the boutons disappeared
To assess the roles of filamentous actin or microtubulesbut remained in the central core part. The remaining
in separating synaptic vesicles into two fractions, wefluorescence disappeared after high K1 stimulation at
examined effects of cytochalasin D (which disrupts actin348C (data not shown).
polymerization and depolymerization) or colchicine andThe staining pattern of boutons observed with fluores-
nocodazole (which disrupt microtubules) on FM1-43 flu-cence microscopy was examined three-dimensionally by
orescence in the boutons of nerve terminals. The nerveconfocal microscopy. The lack of dye in the core region
terminals were stained with FM1-43 by depletion-refor-of the boutons was observed after activity-dependent
mation loading. As shown in Figure 6, the fluorescenceloading (Figures 4A and 4B), and uniform distribution of
in the reserve fraction (shaded portion of each bar) wasthe dye in the boutons was observed after depletion-
no longer detected in cytochalasin D±pretreated prepa-reformation loading (Figures 4C and 4D). These patterns
rations, but the amount of fluorescence in the readilyof vesicle distribution can beunderstood when a charac-
releasable fraction (open portion of each bar) was in theteristic feature of the neuromuscular junction in Dro-
normal range. In cytochalasin D±pretreated prepara-sophila larvae is taken into consideration as discussed
tions, the FM1-43 fluorescence was dominant in thelater.
periphery of the boutons (Figure 3D). Pretreatment with
colchicine or nocodazole had no effect (Figure 6). WhenThe Time Course of FM1-43 Incorporation
nerve terminals were stained with FM1-43 by activity-into Two Fractions after Depletion
dependent loading, the intensity of fluorescence of bou-The time course of FM1-43 uptake into the two fractions
during vesicle reformation after depletion was measured tons and its sensitivity to high K1 stimulation at 228C in
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Figure 4. Confocal Microscopy of the Fluo-
rescent Boutons Stained by Activity-Depen-
dent and Depletion-Reformation Loading
The confocal images were obtained from four
different shits1 preparations ([A] through [D]).
The preparations in (A) and (B) were incu-
bated at 228C for 5 min in high K1 saline con-
taining FM1-43 and washed with Ca21-free
saline. The preparations in (C) and (D) were
incubated at 348C for 10 min in high K1 saline,
exposed to FM1-43 at 228C in normal medium
for 15 min, and then washed. The focal planes
were stepped by 0.48 mm between succes-
sive images at the brightest optical section
and shown in four images of each prepa-
ration.
cytochalasin D pretreatment preparations were the same control and cytochalasin D±pretreated preparations. We
then investigated the nerve±muscle transmission duringas those in control preparations (data not shown).
high frequency nerve stimulation (10 Hz) at 228C and
348C (Figures 7A and 7C). Figures 7B and 7D show stan-Effects of Cytochalasin D on Synaptic Transmission
To examine the functional role of the reserve fraction dardized results; in these graphs, the amplitudes of
evoked synaptic potentials were corrected for nonlinearin synaptic transmission, we compared nerve±muscle
transmission in cytochalasin D±pretreated and control summation (Martin, 1955) using a reversal potential of
0 mV (Chang et al., 1994) to compare the quantal contentpreparations. There was no decremental reduction in
the amplitude of synaptic potentials evoked by nerve in the two preparations. When nerve±muscle synaptic
transmission was examined at 228C, there was a gradualstimulation at the low frequency (0.1 Hz) in control nor
in cytochalasin D±pretreated preparations, and we did decrease in the amplitudes of evoked synaptic poten-
tials in the early period, but thereafter the decreasenot find a noticeable difference in the amplitudebetween
Figure 5. Time Course of FM1-43Uptake into
Two Vesicle Fractions after Depletion
(A) The time course of incorporation of endo-
cytosed vesicles intoeach fraction was deter-
mined by measuring the amount of dye up-
take into two fractions as a function of the
delay time between the onset of transfer to
228C andthe deliveryof thedye. (A-a) shows a
schematic representation of the experimental
protocol. In (A-b), the ordinate shows the
FM1-43 fluorescence intensity of the bou-
tons. The pixel values of the upper ends of
the open andshaded columns are thefluores-
cence intensities of boutons measured be-
fore and after high K1 stimulation at 228C,
respectively. Vertical bars are SEM. The num-
bers in or above the columns are the num-
ber of preparations examined. The abscissa
shows exposing periods to FM1-43 after the
transfer to 228C. In (A-c), the ordinate shows
the rate at which the readily releasable (con-
tinuous line) and the reserve (broken line)
fractions are incorporated with FM1-43. The
FM1-43 incorporation rate in each fraction
during recovery was expressed as the per-
centage of the amount of dye taken up in the
period of 0±15 min. The amount of dye taken up in the period of 0±15 min is considered to represent the size of each vesicle fraction recoverable
after depletion, and the vesicles that had been incorporated in each fraction before the start of dye exposure were not labeled with the dye.
The abscissa shows the time after the transfer to 228C.
(B) Typical distributions of FM1-43 fluorescence taken up in single boutons during vesicle reformation. The shits1 preparation was stimulated
at 348C by high K1 saline and then exposed to FM1-43 in normal medium in 0±7 min (B-a) and 13±20 min (B-b) periods of vesicle reformation
at 228C. The fluorescence of boutons stained was very weak. To produce optimum contrast, each image was digitally processed.
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potentials at 1 and 2 min after the start of stimulation
between control and cytochalasin D±pretreated prepa-
rations, but the amplitudes of evoked synaptic poten-
tials in cytochalasin D±pretreated preparations (Figure
7B, closed circles) were significantly smaller than those
in control preparations at 3 min after the start of stimula-
tion and later. When the endocytotic vesicle supply was
blocked at 348C, 6 s after the start of stimulation the
evoked synaptic potentials decreased both in control
and cytochalasin D±pretreated preparations (Figure 7D).
Figure 7D shows that synaptic evoked transmission
lasted for 4 min in control and for 2 min in cytochalasin
D±pretreated preparations. If we assume that the ampli-
tude of evoked synaptic potential is proportional to the
amount of synaptic vesicles released (after nonlinearFigure 6. Effects of Cytochalasin D, Colchicine, or Nocodazole on
Two Synaptic Vesicle Fractions summation of synaptic potentials was corrected), a ratio
of total synaptic vesicles released during the stimulationshits1 preparations were pretreated at 228C for 40 min with cytocha-
lasin D (10 mM), colchicine (10 mM), or nocodazole (10 mM) and in cytochalasin D±pretreated and control preparations
loaded with FM1-43 by depletion-reformation loading. The ordinate is calculated from Figure 7D to be roughly 1:6.
shows the FM1-43 fluorescence intensity of boutons. The pixel val-
ues of the upper ends of the open and shaded columns are the
fluorescence intensities of boutons measured before and after high Discussion
K1 stimulation at 228C, respectively. Vertical bars are SEM. The
numbers in the columns are the number of preparations examined. The present study demonstrated in living nerve termi-
Terms: cytochalasin D, cytochalasin D±pretreated preparation; col-
nals that therewere two functionally and topographicallychicine, colchicine-pretreated preparation; and nocodazole, noco-
distinct pools of synaptic vesicles, exo/endo cyclingdazole-pretreated preparation. Asterisks indicate a significant dif-
(readily releasable; see below) and reserve pools, in aference from control values (*p , 0.05 and **p , 0.01).
single bouton at the neuromuscular junction of mutant
Drosophila larvae. By activity-dependent loading, the
fluorescent dye FM1-43 labels synaptic vesicles in theslowed and the amplitude attained, more or less, a pla-
teau in control preparations (Figure 7B, open circles). As exo/endo cycling pool. On the other hand, by depletion-
reformation loading, FM1-43 labels vesicles both inshown in Figure 7B, there was no significant difference
in the reduction of the amplitude of evoked synaptic readily releasable (exo/endo cycling) and reserve pools.
Figure 7. Synaptic Transmission in Cytocha-
lasin D±Pretreated and Nontreated Prepara-
tions
(Aand C) Synaptic potentials evoked by nerve
stimulation at a high frequency (10 Hz) were
recorded at 228C (A) and at 348C (C) from
muscle 6 of abdominal segments of A-2 or
A-3 in nontreated (control) and cytochalasin
D±pretreated (cytochalasin D±treated) shits1
preparations. In this series of experiments,
as in control, preparations were incubated at
228C for 40 min in normal medium and then
stimulated at 348C by high K1 saline. The
preparations were transferred at 228C to nor-
mal medium and incubated for an additional
40 min for recovery, and then nerve±muscle
synaptic transmission was examined. For cy-
tochalasin D pretreatment, preparations were
incubated at 228C for 40 min in normal me-
dium containing 10 mM cytochalasin D and
thereafter treated as described in control
preparations. Calibration bars indicate 10 mV
and 0.5 s.
(B and D) A summary of the results obtained
in experiments performed at 228C (B) and at 348C (D). The percentage values of the mean amplitude of evoked synaptic potentials (E. P.)
were plotted on the ordinate against the time of measurement on the abscissa. The percentage value was calculated by dividing the mean
amplitude of 10 evoked synaptic potentials in the muscle cell at each indicated time by the mean amplitude of the first 3 evoked synaptic
potentials during nerve stimulation at 10 Hz and multiplying the result by 100. There was no difference in the mean amplitude of the first 3
evoked synaptic potentials recorded at 228C and 348C from the muscles between two preparations (at 228C, 31.6 6 2.3 mV, mean 6 SEM
[n 5 7] in control preparation and 33.6 6 2.4 mV [n 5 5] in cytochalasin D±pretreated preparation; at 34 8C, 36.5 6 3.1 mV [n 5 7] in control
preparation and 37.2 6 2.9 mV [n 5 10] in cytochalasin D±pretreated preparation). The abscissa shows the time after the start of nerve
stimulation. Vertical bars attached to each circle are SEM. Asterisks indicate a significant difference from control values (*p , 0.05 and **p ,
0.01). N represents the number of preparations examined.
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In the Results section, of the two FM1-43 fluorescence several active zones are usually seen all around the
periphery of the boutons (Atwood et al., 1993; Jia et al.,fractions in the boutons loaded by depletion-reforma-
tion loading, we tentatively referred to the fraction that 1993). The exo/endo cycling pool may be associated
with the active zones in the presynaptic membrane ofwas destained by high K1 stimulation at 228Cas a readily
releasable fraction. The readily releasable fraction is boutons at the Drosophila neuromuscular junction and
thus was labeled with FM1-43 in almost the entire pe-probably identical to the fluorescence fraction loaded
by activity-dependent loading, because they had the ripheral region of the bouton. The mechanism by which
endocytosed vesicles are incorporated into the exo/same properties: they were released by high K1 stimula-
tion at 228C, topographically associated with the periph- endo cycling and reserve pools is unclear at present.
In the present study, during vesicle reformation aftereral region of the boutons, and unaffected by cytocha-
lasin D pretreatment. Two synaptic vesicle populations depletion in the presynaptic terminals, the exo/endo
cycling pool was first incorporated with endocytosedhave been separated by density gradient centrifugation
in the electric organ of Torpedo (Zimmermann and Den- vesicles and the reserve pool was second. This result
suggests that the size of the exo/endo cycling pool isston, 1977; Zimmermann and Whittaker, 1977; Giompres
et al., 1981) and in the myenteric plexus of guinea pig limited and endocytosed vesicles are incorporated into
the reserve pool when the exo/endo cycling pool is full.ileum (AÂ goston et al., 1985). The exo/endo cycling vesi-
cles, which were labeled by dextran uptake during stim- These two pools may be replenished through two differ-
ent endocytosis pathways. The electron microscopiculation, have smaller diameters and preferentially took
up newly synthesized acetylcholine, compared with the study of shits1 during the vesicle reformation process at
198C after depletion at 298C suggested that two distinctvesicles that were not labeled with dextran. After ex-
haustion of the nerve impulse±releasable ACh compart- vesicle reformation pathways existed in the same termi-
nal. One pathway emanates from the active zone andment, tityustoxin, a releaser of ACh, still evoked a clearly
recognizable release of ACh in the cat superior sympa- has a fast time course, while the second pathway ema-
nates at sites away from the active zone and has athetic ganglion (Prado et al., 1992). Furthermore, the
electrically stimulated release of dopamine decreased slower time course (Koenig and Ikeda, 1996). Further-
more, filamentous actin may be involved in vesicle incor-and finally stopped after inhibition of dopamine synthe-
sis with a-methyl-p-tyrosine. Even under these condi- poration into the reserve pool but not the exo/endo cy-
cling pool, suggested by the cytochalasin D experimenttions, a considerable amount of dopamine is present in
the tissues, and the electrically stimulated release re- (see below).
Although it has been proposed that changes in theturns to 75% of its original value after administration of
amfonelic acid, which is considered to be a mobilizer state of actin polymerization govern exocytosis (Aunis
and Bader, 1988; Nuae and Lindau, 1988; Bernstein andof dopamine compartments (Ewing et al., 1983). Still
another study with synapsin antibodies has demon- Bamburg, 1989; Hirokawa et al., 1989) and cytochalasin
inhibited tetanic depression at the neuromuscular junc-strated in the lamprey central nervous system that clus-
ters of vesicles at synaptic release sites are composed tion of cultured frog cells (Wang et al., 1996), pretreat-
ment with cytochalasin D had no significant effect onof two pools, a distal pool containing synapsin and a
proximal pool devoid of synapsin (Pieribone et al., 1995). FM1-43 loading and unloading of frog nerve terminals
by electrical nerve stimulation in situ (Betz and Henkel,All above results support the idea that there exist at
least two synaptic vesicle subpopulations; the vesicles 1994). In this frog experiment, FM1-43 was loaded into
nerve terminals by endocytosis coupled with exocyto-in the functional compartment are readily available for
stimulated release of neurotransmitters, whereas the sis. We confirmed in Drosophila larvae that cytochalasin
D had no significant effect on the FM1-43 staining andvesicles in the nonfunctional compartment are thought
to act as reserve stores for extremely frequent stimu- destaining of vesicles in the exo/endo cycling pool. The
different cytochalasin effects may be due to the differentlation.
The present study showed that the topography of two preparations (cultured versus in situ), as pointed out by
Wang et al. (1996). Filamentous actin has been sug-synaptic vesicle pools in a single bouton was distinct.
The exo/endo cycling pool is located in the periphery gested as a barrier tovesicle exocytosis in cultured cells
(Aunis and Bader, 1988; Nuae and Lindau, 1988) and asof the bouton and the reserve pool in the core region.
Only the peripheral region of boutons was stained with a component maintaining reserve vesicles in situ (Hiro-
kawa et al., 1989; Pieribone et al., 1995). In the presentFM1-43 by endocytosis coupled with exocytosis (activ-
ity-dependent loading). FM1-43 fluorescence in the pe- study, we also labeled synaptic vesicles in the reserve
pool, by depletion-reformation loading in shi. In cytocha-ripheral region of boutons was readily released after
high K1 stimulation at 228C, but fluorescence in the core lasin D±pretreated nerve terminals, the periphery of bou-
tons was predominantly stained with FM1-43 (see Figureregion remained. This observation in vivo is consistent
with that obtained in cultured goldfish retinal bipolar 3D), and only the exo/endo cycling vesicle population
was detected. This result further supports the morpho-cells loaded with FM1-43. After treatment causing exo-
cytosis, there was a rapid loss of the FM1-43 fluores- logical feature of two vesicle pools. Since cytochalasin
D disrupts formation of filamentous actin (Cooper, 1987;cence from the periphery of nerve terminals but not from
the central region (Lagnado et al., 1996). Different from Smith, 1988), the above result suggests that filamentous
actin plays an important role in incorporating or main-neuromuscular junctions of the frog and mammals, at
the Drosophila larva neuromuscular junction the bou- taining the synaptic vesicle population in the reserve
pool, perhaps by its ability to link vesicles. This possibil-tons of nerve terminals are entirely embedded in muscle
cells. In typical transverse sections through boutons, ity is supported by electron microscopic observations
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shits2 was the gift of Dr. Mani Ramaswami at the University of Arizona,that synaptic vesicles are cross-linked to actin fila-
Tucson.ments by short bridging strands in the nerve termi-
nals (Hirokawa et al., 1989). Our electrophysiological
Preparationsstudies showed that pretreatment with cytochalasin D
Larval body wall neuromuscular preparations were made from thirdinduced significant decrease in neuromuscular trans-
instar larvae. For dissection, a larva was placed dorsal side up on
mission evoked by high frequency nerve stimulation (10 a thin layer of Sylgard resin (Dow Corning Asia, Tokyo) in a plastic
Hz), but no decrease was observed when synaptic po- dish with the medium (see below). The larval rostral and caudal ends
were fixed to the Sylgard using insect pins. The larva was cut opententials were induced by low frequency (0.1 Hz) stimula-
along the dorsal midline using microdissecting scissors, and diges-tion. In cytochalasin D±pretreated preparations, the re-
tive as well as other internal organs were removed. In the finalserve pool was no longer detected, but the exo/endo
preparation, the ventral longitudinal muscles (muscles 6 and 7) werecycling pool was normal. Thus, the availability of vesi-
easily identified (Jan and Jan,1976; Johansen et al., 1989). All experi-
cles in the reserve pool seems to be required for sus- ments were carried out on the synapses on muscles 6 and 7 of
tained high frequency release of synaptic vesicles. abdominal segments A-2 or A-3.
The intensities of FM1-43 fluorescence in the exo/
endo cycling and reserve fractions were approximately Solutions
The composition of normal medium (Jan and Jan, 1976) was asequal, suggesting that the two pools are the same size
follows (in mM); NaCl, 130; sucrose, 36; KCl, 5; MgCl2, 2; CaCl2, 2;(Figures 2, 5, and 6). If synaptic vesicles were composed
and HEPES, 5 (pH 7.3); for Ca21-free saline, CaCl2 was replaced byof two pools, the ratio of total amounts of vesicles re-
2 mM MgCl2 and 0.5 mM EGTA in normal medium. High K1 salineleasable in cytochalasin D±pretreated and control prep-
contained 90 mM KCl in which NaCl was reduced by an equivalent
arations would be 1:2 (Figure 6). However, when esti- amount.
mated from electrophysiological results, the ratio of total
amounts of vesicles released in cytochalasin D±pre- FM1-43 Staining and Destaining
treated and control preparations was 1:6. One explana- For FM1-43 uptake into vesicles in nerve terminals during activation,
at 228C we replaced the medium with high K1 saline containing 10tion is that synaptic vesicles in the nerve terminals are
mM FM1-43 (activity-dependent loading). After incubation with highsupplied through endocytosis and also through other
K1 saline containing FM1-43 for 5 min, the preparations wereroutes such as axonal flow from the cell body (Kelly,
washed three times with Ca21-free saline and then incubated in1993; Bauerfeind and Huttner, 1993; Calakos and Scheller,
Ca21-free saline for an additional 15 min to remove surface-bound
1996). Vesicles formed through nonendocytotic pro- FM1-43. For FM1-43 uptake into vesicles in nerve terminals during
cesses were preferentially incorporated in the reserve reformation after depletion (Ramaswami et al., 1994; Kuromi et al.,
1997), the Sylgard dish with the preparation was placed in a 348Cpool. The FM1-43 labeling method marked only vesicles
incubation chamber and the medium was replaced by prewarmedendocytosed during reformation, whereas the electro-
normal medium (348C). After allowing 5 min for the temperature tophysiological method detected all functional vesicles
equilibrate, the preparation was stimulated with high K1 saline forin the nerve terminals formed during reformation. This
10 min at 348C to deplete vesicles in the nerve terminals. The prepa-
hypothesis is supported by the electron microscopic ration was then removed from the 348C incubation chamber, and
finding that the cisternae-like structure forms during the medium was replaced with normal medium containing 10 mM
FM1-43 at 228C and incubated for 15 min (depletion-reformationhigh temperature and buds out vesicles during recovery
loading). The procedure for washing with Ca21-free saline was thein shi synapses (Koenig and Ikeda, 1989, 1996).
same as described above.A model to explain the data presented here is as fol-
To release synaptic vesicles, the synapses loaded with FM1-43lows: there are at least two distinct pools of synaptic
were usually stimulated at 228C with high K1 saline for 5 min and
vesicles in single boutons at the Drosophila larval neuro- viewed under the fluorescence microscope in the Ca21-free saline.
muscular junction. When the nerve terminal is activated In some experiments, high K1 stimulation was applied at 348C to
release vesicles under the condition in which endocytotic vesicleby low frequency stimulation, vesicles in the exo/endo
supply was blocked.cycling pools are released, and this pool is refilled imme-
diately with recycling vesicles by endocytosis coupled
Fluorescence Microscopy and Image Processingwith exocytosis. In this situation, the vesicles in the
The preparations were viewed with an upright microscope (BX50WI,reserve pool do not participate in exocytosis of the syn-
Olympus, Tokyo) equipped with differential interference contrastaptic vesicles. When the synapse is activated by higher
(DIC) and epifluorescence optics. We used a 403/0.80 NA water
frequency stimulation, the rate of release of vesicles immersion objective lens (LUMPlane FI, Olympus, Tokyo) or a 633/
becomes too high for recycling vesicles to refill the exo/ 0.90 NA Zeiss Achroplan water immersion lens for observation. The
preparations were excited with light of 475 nm wavelength (Poly-endo cycling pool, resulting in a decremental decrease
chrome II, T.I.L.L. Photonics GmbH, Planegy, Germany), and lightof the number of released vesicles. In this situation,
emitted at .530 nm was collected.vesicles in the reserve pool were supplied into the de-
Images were captured with a CCD camera (usually 0.27 s/frame;pleted exo/endo cycling pool, resulting in the leveling off
C4880±81S, Hamamatsu Photonics, Hamamatsu, Japan). Images
or slowdown of the decrease of the number of released were acquired, stored, and processed with a Digital Celebris com-
vesicles. puter (GLST 5133, Nippon Digital Equipment, Tokyo) by an Intracel-
lular Ca21 Analysis System (Argus-HiSCA, Hamamatsu Photonics,
Hamamatsu, Japan) and printed with a Epson printer (MJ-930C).Experimental Procedures
For the measurement of fluorescence intensity at boutons, 12 bit
images were acquired with the CCD camera and pixel values wereFly Stocks
A single-genemutant of Drosophila melanogaster, shits1, was primar- compressed to 8 bits. The average light intensity, emitted from five
to six brightly stained boutons with diameters of .3 mm selectedily used in this study; in a few experiments another allele of the
mutant, shits2, and wild type, Canton S, were also used. The stock from one field (86 mm 3 64 mm) in one preparation, was measured
before and after high K1 stimulation. Mean fluorescence intensityflies were bred at 258C on the standard cornmeal medium supple-
mented with yeast under a 12 hr light and 12 hr dark photoperiod. values of boutons were determined in individual preparations and
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data from several preparations were processed for statistical proce- Chang, H., Ciani, S., and Kidokoro, Y. (1994). Ion permeation proper-
ties of the glutamate receptor channel in cultured embryonic Dro-dures (mean and SEM). The background fluorescence was sub-
sophila myotubes. J. Physiol. (Lond.) 476, 1±16.tracted from the fluorescence intensity at the bouton.
Cooper, J.A. (1987). Effects of cytochalasin and phalloidin on actin.
Confocal Microscopy J. Cell Biol. 105, 1473±1478.
Confocal microscopy was carried out using an MRC-600 (Bio-Rad, Ewing, A.G., Bigelow, J.C., and Wightman, R.M. (1983). Direct in
Hercules, CA) with an Argon ion laser mounted on a NikonOptiphoto vivomonitoring of dopamine release from two striatal compartments
upright microscope. FM1-43±stained living preparations were viewed in the rat. Science 221, 169±171.
through a 633 water immersion lens (0.90 NA Zeiss Achroplan) Giompres, P.E., Zimmermann, H., and Whittaker, V.P. (1981). Purifi-
under Ca21-free saline, through fluorescein excitation and emission cation of small dense vesicles from stimulated Torpedo electric
filters. Images were acquired and processed using the COMOS tissue by glass bead column chromatography. Neuroscience 6,
package (Bio-Rad). To acquire the thin optical sections, we set an 765±774.
aperture at 0.4 and used a lens with a zoom set at 6. We took a Z
Henkel, A.W., Lubke, J., and Betz, W.J. (1996). FM1-43 dye ultra-series, in which focal planes were stepped by 0.48 mm between
structural localization inand release from frog motor nerve terminals.successive images.
Proc. Natl. Acad. Sci. USA 93, 1918±1923.
Hirokawa, N., Sobue, K., Kanda, K., Harada, A., and Yorifuji, H.Electrophysiology
(1989). The cytoskeletal architecture of the presynaptic terminal andMembrane potentials were recorded from muscle 6 in the abdominal
molecular structure of synapsin 1. J. Cell Biol. 108, 111±126.segment A-2 or A-3, using glass microelectrodes filled with 4 M
Jan, L.Y., and Jan, Y.N. (1976). Properties of the larval neuromuscu-potassium acetate. The electrode resistance was usually between
lar junction in Drosophila melanogaster. J. Physiol. (Lond.) 262,20 and 40 MV. To evoke synaptic potentials, stimulating pulses
189±214.were delivered to an appropriate segmental nerve via a glass suction
electrode for 1 msat 1.5±2 times the threshold for maximum synaptic Jia, X.-X., Gorczyca, M., and Budnik, V. (1993). Ultrastructure of
neuromuscular junctions in Drosophila: comparison of wild type andresponse at a frequency of 0.1 or 10 Hz.
mutants with increased excitability. J. Neurobiol. 24, 1025±1044.
Chemicals Johansen, J., Halpern, M.E., Johansen, K.M., and Keshishian, H.
FM1-43 was obtained from Molecular Probes (Eugene, OR). Cyto- (1989). Stereotypic morphologyof glutamatergic synapses on identi-
chalasin D, colchicine, and nocodazole were purchased from Sigma fied muscle cells of Drosophila larvae. J. Neurosci. 9, 710±725.
(St. Louis, MO). Kelly, R.B. (1993). Storage and release of neurotransmitters. Cell
72, 43±53.
Statistical Analysis Koenig, J.H., and Ikeda, K. (1989). Disappearance and reformation
Statistical analysis was performed by using the Student's t test. of synaptic vesicle membrane upon transmitter release observed
under reversible blockage of membrane retrieval. J. Neurosci. 9,
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